Introduction
The global changes in land use over the last fifty years have resulted in improvements to human welfare and economic development, but they have also caused serious environmental problems [1] [2] .
The analysis of temporal and spatial changes in land use and cover is essential to landscape planning focused on the conservation of life support systems [3] - [5] .
Changes in the landscape due to land use practices [6] result from interactions between abiotic and socioeconomic factors [7] [8], such as rural culture and different types of agricultural technology [9] - [11] .
Anthropization in response to socio-economic factors defines the land use and cover and natural resource patterns [4] [7] [12] [13] that, in turn, define the spatial patterns of the cultural landscape, which incorporates diverse aesthetic, economic and ecological values and can drive habitat degradation and soil loss and impoverish life support systems [5] . These processes interfere with sustainability as they deplete the natural capital that provides goods and services through different land uses, and they represent the most relevant economic, environmental and societal issues to a region. They further enable the identification of land use functions that are hindered or enhanced under various land use change scenarios [2] [14] .
The assessment of ecosystem sustainability requires a set of indicators that can be used at different spatial, temporal and hierarchical levels. Structural landscape indicators are ecologically sensitive tools that reflect the correlation between multiple land uses, their temporal and spatial changes, and the influence that policies might have on steering those changes towards sustainability [2] [5] [15] - [17] . These tools also allow the dynamics of the naturalness of a landscape, which can decrease or increase due to anthropic activities, to be monitored in time and space. This can provide essential information about current and historical conditions and the interactions between nature and society, which can be disseminated to the scientific community, the general public and decision makers.
This study examines the interactions between different land uses, their temporal and spatial changes between 1989 and 2014, and how these changes have affected environmental sustainability in the São Carlos municipality with the goal of answering the following questions: 1) Do structural landscape indicators distinguish changes in naturalness and vulnerability as a result of land use change?
2) Did the environmental sustainability of the sub-basins of the São Carlos municipality change over the 25-year period?
Methods

Characterization of the Study Area
The São Carlos municipality covers an area of 1136.907 km 2 and is located in the northeast region of São Paulo state, Southeastern Brazil, between 47˚30' and 48˚30' W and 21˚30' and 22˚30' S. Ten sub-basins have been delimited within the municipality (Figure 1 ).
According to a demographic census, São Carlos municipality had a total population of 221,950 inhabitants in 2014 [18] . Its primary vegetation cover is characterized by various savanna physiognomies.
Initial reports of landscape change in the São Carlos municipality due to human influence date back to the end of the seventeenth century and the beginning of local settlement. The vegetation at this time was reported to be savanna, sparsely arboreal savanna, and marsh (27%); arboreal savanna (16%); semi-deciduous forest and riparian forest (55%), and deciduous forest with Araucaria angustifolia (Bert.) O. Ktze (2%). Three centuries later, in 1994, the natural vegetation was evaluated via aerial photographs and found to cover 7% of the total area of the municipality. The vegetation was composed of savanna (2%), arboreal savanna (2.5%), semi-deciduous and riparian forests (1%), and areas of regeneration (1.5%); the A. angustifolia semi-deciduous forest was extinct [19] .
From 1991 to 2000, surveys of legal proceedings involving deforestation in São Carlos municipality identified the loss of 1121.62 ha of natural vegetation, approximately 100 ha/year, which was threatening water quality and causing habitat degradation and the loss of biodiversity. The total area of natural and semi-natural vegetation was estimated to be 14.1% of the total area if the municipality [20] .
Based on screen digitization of Landsat-5 Thematic Mapper (TM) imagery, natural vegetation covered 28% (31,776.4 ha) of the São Carlos municipality in 2012 [21] . 
Land Use Dynamics
The template is used to format your paper and style the text. All margins, column widths, line spaces, and text Land use dynamics were characterized by screen digitizing Landsat imagery with a spatial resolution of 30 m and a multispectral composite of three bands near the infrared, red and green wavelengths. Landsat-5 (TM) imagery (path 220; row 075) was obtained for 24 October 1989 and 30 August 2004, and Landsat-8 Operational Land Imager (OLI) imagery was also used for 7 June 2014.
The land use and cover typologies were discriminated by tone, texture and context criteria [22] [23] through manual polygon digitalization (visual interpretation) in MapInfo 10 software. Each polygon was related to a previously established land use and cover: pasture, annual and perennial cultivation, exposed soil, forestry, forest, savanna, short-shrub savanna, aquatic, wetland, and settlement. The land use types were classified based on decreasing naturalness or increasing artificiality [24] .
Structural Landscape Indicators
The environmental impacts that land use changes have had on naturalness and landscape vulnerability were analyzed based on the Urbanity Index (UI) and the Landscape Vulnerability Index (LVI). For this procedure, land use was considered to be the main driver of change in the ecosystem [1] ; this study did not consider indirect drivers related to demographic, economic, socio-political, cultural, religious, scientific or technological conditions [14] [25].
The UI [26] reflects the naturalness of the landscape condition and estimates (Equation (1)) the extent to which landscapes are dominated by strongly human-altered systems [17] :
where U correspond to urban area; Agricultural area; F forest area, and W aquatic and wetland areas. The spatial representation of the UI was obtained based on the RASTER VECTOR, AREA and IMAGE CALCULATOR commands in the IDRISI Selva software [27] and fuzzy logic (transformed by a linear function with a minimum value of 0 and a maximum value of 1). This representation considers the maximum degree of naturalness (UI = 0) and the minimum degree of naturalness (UI = 1), which correspond to the predominance of strongly human-altered systems. This index doesn't measure unit. The LVI indicates the susceptibility of a landscape to environmental impacts, i.e., environmental vulnerability decreases as the ability of the landscape to minimize environmental impacts increases [16] [28] [29] . The LVI values were obtained by two metrics, the Vegetation Quality Index (VQI) and the Water Quality Index (WQI) (Equation (2)).
The VQI was adapted from the Environmental Quality Index [30] , and the WQI is based on the functional curves from the Habitat Quality Index [29] . This approach assumes that land use and cover are related to the environmental vulnerability of the vegetation and water.
The VQI was estimated (Equation (3)) from the values of three metrics of vegetation patches: Area (AREA), shape (SHAPE) and distance (DISTANCE) between patches, which were obtained from the land use reclassification of the São Carlos municipality for 1989, 2004 and 2014. IDRISI Selva software was used to adjust the VQI, WQI and LVI values by fuzzy logic with a minimum value of 0 and a maximum value of 1.
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The WQI describes the susceptibility of water, which is related to the distances between water resources and the sources of impact represented by different land uses. The distances were estimated by the DISTANCE module in IDRISI Selva [27] and transformed by fuzzy logic with a minimum value of 0 and a maximum value of 1.
After transformation by fuzzy logic, with a minimum value of 0 and a maximum value of 1, the LVI values were represented spatially; a higher LVI value (1) reflected lower landscape resilience, and a lower LVI value (zero) reflected higher landscape resilience. This index doesn't measure unit.
A permutational multivariate analysis of variance (PERMANOVA) [31] [32] with Euclidian distance was used to test the null hypothesis of equal degrees of naturalness and landscape vulnerability, based on UI and LVI values, between 1989, 2004 and 2014. A pair-wise a posteriori comparison was performed on a subsample of 500 points, which were randomly sampled from each time period (1989, 2004, 2014) without overlap for a total of 1500 sampling points.
Forecasted Environmental Sustainability Scenarios
The recognition that land use changes affect multiple dimensions of sustainability has been embodied by the concept of ecosystem goods and services [33] or environmental functions [34] . This concept is particularly useful for identifying the environmental, social and economic functions of land use [35] [36] as part of sustainable land development; it even requires an assessment of the impact of land use change on the three dimensions of sustainability [2] .
The São Carlos sustainability assessment was based on the natural/cultivated land use and mainly focused on environmental sustainability at the sub-basin level.
The environmental sustainability outcomes due to land use changes in different sub-basin-level scenarios were interpretable through overlapping UI and LVI values for 1989, 2004 and 2014 using the OVERLAY command in IDRISI Selva.
To test the null hypothesis of equal degrees of environmental sustainability between sub-basins in 1989, 2004 and 2014, the PERMANOVA test was applied [31] [32] with Euclidian distance. A pair-wise a posteriori com-parison of 100 randomly sampled points with no overlap for a total of 3000 sampling points was used.
The sampling was accomplished with the "dismo" [37] and "raster" [38] packages for program R [39] , and the PERMANOVA test was performed with the "vegan" package.
Results and Discussion
Land Use
Four primary land uses were identified for 1989, 2004 and 2012: 1) forest, including secondary forest, savanna and short-shrub savanna without direct human influence; 2) anthropogenic agricultural, which is created by human influence and includes pasture, perennial and annual crops, bare soil and forestry; 3) anthropogenic nonagricultural, which includes settlements, road networks, industrial complexes, and mining areas, and 4) water (Figure 2) .
The changes in land use in São Carlos municipality depend on history, social and economic conditions, and ecological context, and do not progress in a linear way. Over the 25-year period, the main trends in the landscape include the loss and increase of forest cover so that it has remained quantitatively similar over time due to reduced anthropogenic agricultural land use and increased anthropogenic non-agricultural land cover, respectively. The minimal changes in forest cover, from 26.91 to 26.38% from 1989 to 2014 (Figure 2) , highlights forest recovery to a similar quantitative condition as evaluated 25 years ago.
The anthropogenic agricultural land use type declined from 66.60% to 63.08% of the total area of the São Carlos municipality over the 25-year period (1989 to 2014) (Figure 2 ). This decreasing artificiality might be related to local or regional agriculture mechanization, which has made planting and harvesting on steeper slopes impossible and thereby promoted the recovery of natural areas. Agricultural activity related to sugar cane cultivation was the main driver of habitat change between 1989 and 2014.
The increasing anthropization of the São Carlos municipality (71.02% to 72.26%, between 1989 and 2014) has been promoted by an increase in anthropogenic non-agricultural land use (4.42% to 9.18% between 1989 and 2014) (Figure 2) . While urbanization was not a predominant driver of change compared to anthropogenic agricultural land use, the demographic data for the São Carlos municipality [18] indicate increased urbanization with a population growth of 66%, from 158,221 to 238,958 inhabitants, between 1991 and 2014. Water cover decreased from 2.07% to 1.35% of the total area of the São Carlos municipality between 1899 and 2014 (Figure 2) , which is likely due to a period of prolonged drought that began in 2013. This drought, which caused a collapse in the water supply, is considered an extreme weather event, and records of increased average temperature and reduced rainfall at national and local scales suggest that water crises similar to that from 2013 to 2015 could become routine. However, the land use changes in the São Carlos municipality, i.e., deforestation, changes in the extent of cultivated lands, and urbanization, are processes that are not strongly affected by interannual climatic variability.
Landscape Sustainability Index
The UI and LVI values for 1989, 2004 and 2014 that resulted from the various land use change scenarios for the São Carlos municipality are shown in Figure 3(a), Figure 3 high vulnerability (UI and LVI > 0.7) exhibited conditions unfavorable to environmental sustainability. The results for the pair wise comparison test can be found as a supplementary material for this article. However, the UI and LVI values for 1989, 2004 and 2014 for São Carlos municipality were not significantly different at the 5% level (F = 0.584; p = 0.543), were interchangeable, and could be assigned at random to the three periods in accordance with the null hypothesis.
The total municipal area required to support agricultural and urban expansion (71.02% to 72.26% between 1989 and 2014) increased by 1.2% over 25 years (Figure 2) with dominance of anthropogenic agricultural land use. There was minimal change in forest cover, from 26.91% to 26.38%, over the 25-year period (1989 to 2014), which has maintained the naturalness and vulnerability of the landscape for 25 years.
In terms of land use dynamics, the spatial patterns of the landscape in the municipality did not change significantly during the 25-year period. Thus, using only time as a factor, it was not possible to demonstrate statistically significant, distinct circumstances of naturalness and landscape vulnerability as drivers of land use change.
The particular sub-basin environmental sustainability scenarios related to naturalness and landscape vulnerability for 1989, 2004 and 2014 are illustrated in Figure 4 .
Since the municipal territory corresponds to a mosaic of land uses, and the UI and LVI mean values are not normally distributed, median values were used for each sub-basin as a measure of performance to identify regions with favorable and unfavorable conditions for naturalness and landscape vulnerability.
The boxplots ( Figure 5 ) for each sub-basin display an uneven distribution of the median UI and LVI values for 1989, 2004 and 2014 in relation to favorable (UI and LVI < 0.3) and unfavorable (UI and LVI > 0.7) conditions for environmental sustainability.
The PERMANOVA statistical test revealed statistically significant differences in naturalness and landscape vulnerability between sub-basins (F = 7.863; p = 0.001) at the 5% level of significance for 1989, 2004 and 2014. A pair-wise a posteriori comparison between each sub-basin was performed for each year studied.
In 1989, except for a few pairs, most of the sub-basins were significantly different at the 5% level of significance (F = 7.863; p = 0.001) in relation to favorable (UI and LVI < 0.3) and unfavorable (UI and LVI > 0.7) conditions for environmental sustainability. Similar results were observed for 2004 and 2014; most of the sub-basins were significantly different at the 5% level of significance (F = 27.07; p = 0.001 and F = 18.408; p = 0.001, respectively), except for a few pairs. Scenarios with higher naturalness and lower vulnerability (UI and LVI < 0.3) featured favorable conditions for environmental sustainability, which were identified in the Jacaré-Guaçú and Feijão sub-basins for 1989, 2004 and 2014 (Figure 4) . In the Jacaré-Guaçú sub-basin, this trend is likely due to the reduction in anthropogenic agricultural areas, the prevailing driver of landscape change; a consequent improvement in qualitative integrity (form, area and distance) of the forest fragments; and by virtue of being a basaltic cuestas region located in a legally protected area. The increased naturalness appears to be due to the establishment of new protected areas [20] and by government policies encouraging the recovery of permanent preservation areas.
Lower naturalness and higher vulnerability (UI and LVI > 0.7) scenarios characterized by unfavorable conditions for environmental sustainability were identified in the Monjolinho and Ribeirão das Guabirobas sub-basins for 1989, 2004 and 2014 (Figure 4) . This trend is supported by the increase in anthropogenic agricultural and non-agricultural land use and a consequent loss of forest in these two sub-basins. Although urbanization is not the major driver of change in the municipality, the urban area of São Carlos is fully contained within the Monjolinho sub-basin, which has shown increasing urbanization between 1989 and 2014 (Figure 2 ).
Conclusions
Expanding the requirements for environmental sustainability, which are defined by median UI and LVI values > 0.7, should adversely affect economic and social development. However, this trend was not evident in the São Carlos municipality over the 25-year study period; the trajectory of land use change exhibits approximately the same degree of expansion of natural ecosystems and anthropogenic areas. However, this trajectory of land use change can promote a better understanding of the conditions necessary for environmental sustainability using smaller, more clearly defined spatial resolutions at the sub-basin rather than the municipal scale.
The essential question relates to the uncertainties over the boundaries of each of the different value frameworks (UI values and the percentage of forest land use area since 2014), i.e., the amount of the natural ecosystem that should be conserved for non-utilitarian values considering resilience and option values; its role in providing and sustaining ecosystem services; and, finally, its ability to persist under current trends and policies given the trade-offs with economic development and the growth of anthropogenic agricultural and non-agricultural land uses.
The primary issues are guided by the need to define the size of the municipal area that can be altered for human use in relation to the minimum degree of landscape naturalness that can ensure natural ecosystem maintenance. Additionally, the sub-basin areas should be prioritized to reduce the effects of the drivers of change on local life-support systems so that ecosystem services can be restored.
Fundamental strategies related to the creation and maintenance of legally protected areas and the encouragement of the recovery of life-support areas, whether legally protected or not, to minimize risks to biodiversity are required for landscape biodiversity conservation at the sub-basin or municipality scale.
After running the various land use change scenarios (1989-2004-2014) , the three environmental land use functions that were most affected were 1) the provision of abiotic resources, which corresponds to the role of land use change in regulating the supply and quality of water, air and minerals; 2) the support and provision of biotic resources, which correspond to the capacity of the territory to support biodiversity; and 3) the maintenance of ecosystem processes related to agricultural production, hydrological and nutrient cycling, and soil formation. All of these functions are directly related to the level of anthropogenic (agricultural and urban) land use.
This study presents an approach to environmental analysis and planning at a smaller and more clearly defined spatial resolution to promote land use changes that support an environmental sustainability friendly sub-basin scenario. This preliminary scenario can be seen as a provocative, scientifically and experimentally grounded approach that planners and decision makers can discuss to potentially implement spatially explicit policies for their municipality and to expand knowledge about its development and environmental sustainability. The resulting scenario shows the importance of a proactive attitude towards the environment, and it highlights the drivers of change that can be the focus of environmental management agencies in planning, resulting in better policies for activities in pre-established protected areas.
